Abstract. The deviations of photoelectron angular distributions from the simple, highly symmetric shapes predicted within the electric-dipole approximation are investigated. The admixture of an electric-quadrupole component in the photon-atom interaction causes an asymmetry in the angular distribution with respect to the direction of photon propagation. The reported measurement of the angular distributions of argon Is, krypton 2s, and krypton 2 p photoemission within 2-3 keV above their respective thresholds reveal pronounced asymmetries which are present even at low electron kinetic energies. The measured asymmetry parameters are in good agreement with recent predictions from nonrelativistic calculations.
INTRODUCTION
The interaction of low-energy to soft x-ray photons with matter has largely been studied within the framework of the dipole approximation. This approximation is used when the photon's wavelength can be regarded large in comparison to the atomic dimensions. Consequently, the photon momentum, being proportional to inverse of the wavelength, is considered small and the dependence on the photon momentum is neglected. The photoelectron angular distribution in dipole approximation therefore remains unchanged if the direction of photon propagation is reversed. ,4n extensive body of both theoretical and experimental work is concerned with the physical information that can be extracted from angular distributions in cases where the dipole approximation is valid (cf. the reviews [l, 21) .
With increasing energy the forward-backward symmetry in the angular distributions disappears. The first measurements of photoelectron angular distributions in the 1920s' using high-energy x rays, displayed pronounced forward peaking of the distributions [3, 41. It was shown that this could be related to the momentum of the absorbed radiation, however not in such a way, as one might assume. that the emitted electrons are simply kicked forward by the photon momentum [5] . The dependence on the photon momentum is retained when the photon wave's exponential is approximated by the first two terms, erk.r -1 + ik r, rather than only by the unit term. This expansion of the exponential has a close correspondence to the multipole decomposition of the photon-atom interaction: the unit term leads to the long-wavelength limit of electric-dipole ( E l ) interaction, and the term linear in kr is related to magnetic-dipole ( M l ) and electric-quadrupole (E2) interactions. It is those additional contributions which are responsible for the observed forward-backward asymmetry in the angular distributions. In the early calculations, based on a hydrogenic model, this "retardation" effect was found to be proportional to v/c, in agreement with the experimental observations (cf. [SI).
Since the early papers relatively few theoretical and even fewer experimental studies have been reported on this subject. On the theoretical side, both relativistic and nonrelativistic calculations were performed for a variety of cases using a more refined model [7, 8] . On the experimental side, however, progress in this field had been hampered by the restriction to the limited spectrum and intensity obtained from the x-ray sources used (cf. [9] ; for a listing of experiments before 1978, see [lo] ). With the availability of intense and tunable x-ray radiation at high-energy synchrotron radiation facilities, renewed interest for the topic has emerged. Recently, theoretical predictions of nondipolar angular distributions have been reported which differ significantly from the simpler retardation result, particularly for low photoelectron energies [ ' 
PHOTOELECTRON ANGULAR DISTRIBUTIONS
The photoelectron angular distribution, described by the differential cross section dald52, is proportional to the square of the matrix element for photoninduced transitions between the initial state +i and the final state $j Here, E^ is the polarization vector of the photon, hk the photon momentum, and r and p are the position and momentum operators of the electron. The quantity f represents the combined cofactors in this expression. For simplicity, the matrix element in the following will be abbreviated by the symbol (0).
Employing a decomposition of the interaction with the photon in terms of electric and magnetic multipoles (cf. [17] ), the transition matrix element is replaced by a sum of individual multipole transition matrix elements, (0) =
En,!( ~j ) .
Here, the multipole transition elements are characterized by their parity 7r and order j. In terms of the multipole decomposition, the differential cross section breaks down into a sum of individual multipoleinteractions I(rj)12 and cross terms of combinations (rj)(r'j')* where n'j' # nj. As a result of the angular properties of the multipole components, this sum, e.g. for unpolarized 
Eq.(2)
gives a convenient way of parameterizing the differential cross section with a set of angular distribution parameters BL. The sum in L extends no further than to 2 j , with j being the highest contributing multipole order. In general the angular distribution is well described by a small number of terms, because the multipole amplitudes decrease rapidly with increasing order. The MI and E2 interactions are smaller than the E l interaction by a factor of Z a , and higher multipoles are further suppressed by higher powers of Za. The M1 interaction acts only on the angular and spin part, but not on the spatial part of the electron's wavefunction, and thus, depending on the theoretical model, either vanishes or contributes very little. Consequently, the next-higher level of approximation to the dipole approximation includes the even-pari ty electric-quadrupole interaction up to terms of order Z a [7, 12, 131 . The parameterization of the angular distribution extends up to L = 3 and involves three angular distribution parameters B1, BS, B3. 
EXPERIMENT
The idea pursued in the experiment was to probe the angular distribution by rotating an electron spectrometer on a circle around the polarization direction i. Pure dipolar interaction results in an isotropic signal on this circle, and the nondipole effect causes an asymmetry between the forward and backward directed semicircles.
The experiment was performed using the monochromatized and highly linearly polarized x-ray beam from beamline X-24A at the National Synchrotron Light Source and an apparatus designed for angle-resolved electron spectrometry. A schematic of the experimental setup is shown in FIG. 3 . The interaction region is defined by the intersection of the collimated x-ray beam and the target gas emanating from an effusive jet. A parallel-plate analyzer (PPA) is mounted such that it can be rotated on a cone with opening angle 6 = 54.7'. A stationary cylindrical mirror analyzer (CMA) and a downstream p-i-n diode (not shown in the FIG. 3) were used to monitor the target density and the photon A ux during the experiment. The photoelectron intensity was recorded with the PPA-angle setting varied in 15" increments over a full 360" range. The dwell time per angle was 60-120 s, and several such angular scans were added up for each x-ray energy.
The angular distribution measured with this geometry is more conveniently represented in the system of coordinates shown in the inset of FIG. 3 . In conjunction with this coordinate frame we employ an alternative parameterization to Eq.(2) and adopt the terminology for linear polarization used in Ref. [13] :
The parameters P, 7 , S and the ones used in the introduction, B 1 Bat 8 3 , are connected by the relations
The parameter /3 describes the angular anisotropy of the El interaction, and y and S govern the nondipolar part of the anguiar distribution. Positive/negative values of -y and S signify a forward/backward-directed angular distribution.
The angle 8 of the experimental setup was chosen to be the so-called *'magic angle", 6 1 , = 54.7", which is the zero of PZ(cos8). to remove the influence of the dipolar anisotropy parameter p on the measurement. The photoelectron intensity as a function of the azimuthal angle d can then be expressed as It is clear that one can only determine a combined quantity 7 + 36 with this experimental geometry.
There are two instrumental effects which cause the actually observed angular distribution to deviate from the form given Eq.(5). In this brief report these will only be summarized; for a detailed description of these effects and their incorporation in the data evaluation procedure, see Ref. [15] .
The first effect pertains to the inherent anisotropy of the setup depicted in FIG. 3 . It is caused by the oblong source volume formed by the -1 mmdiameter x-ray beam traversing the target gas. In order to assess this anisotropy, we measured the angular response of a variety of Auger electrons
Within the description of the two-step model, Auger electrons emitted in K L L transitions are emitted isotropically [18] , and any nondipole terms related to the mixing of different parities, e.g. (El)(E2), vanish, rendering the remaining nondipole contributions negligible [19] . As a result, all of the measured Auger transitions should emit isotropically on the cone with opening angle equal to the magic angle. The recorded intensity variation of Auger electrons therefore represents a good measure of the instrumental anisotropy.
The second effect to cause a deviation from Eq. (5) is caused by noncomplete linear polarization of the x rays (here, PL M 0.95) and by any misalignment of the experiment's rotation axis with respect to the polarization vector of the x rays (cf. [15, 201) . Even a small tilt X between the rotation axis and the polarization vector 2 (here, X FZ 1") creates an asymmetry between the upper (0" < # 5 180") and lower (180" < # 5 360") semicircles. The dependence on X can be essentially removed by averaging data points at azimuthal angles 4 and -4. This procedure gives the same result as would have been obtained for a measurement with perfect alignment of the rotation axis, but with a slightly reduced degree of linear polarization, P' = PL cos 2X. The experimental angular distribution for partially linearly polarized x rays, after correcting for the instrumental anisotropy and averaging between the upper and lower semi-circles, has the form
When using Eq. (6) 
RESULTS
The collected results of nondipolar anisotropy parameters for Ar Is, Kr 2s, and Kr 2 p photoionization are displayed in FIG. 4 . The experimental data points are plotted as open symbols with error bars, and theoretical predictions from Refs.
[la] and [13] are given for comparison as dashed and solid lines, respectively. For the level of approximation used in these calculations, i.e. including terms (El)(E2), the quantity S vanishes for ionization from an s subshell. The results for Ar 1s and Kr 2s are therefore given in terms of the nondipole anisotropy parameter y, whereas the results of Kr 2p are given as the combined quantity y + 36.
The agreement bet ween the theoretical nonrelativistic cent ral-field calculations and the experimental data is very good in all three cases. The experiment confirms the prediction that the nondipolar asymmetry neither approaches zero towards threshold nor is exclusively positive, as it would be expected on the basis of the simple retardation picture [6] . This difference is caused by the mutual screening of the electrons and would be absent in a simple hydrogenic model (cf. [7, 121) .
The energy dependences of y differ considerably for the Ar 1s and Kr 2s cases (top and middle panels in FIG. 4) . Ultimately, this difference is caused (7) it is also clear that a zero in the dipole transition amplitude would create extremely enhanced nondipolar asymmetries.
The individual fine structure components, j = 1 / 2 , j = 3 / 2 , could be resolved in the experiment for Kr 2p for all but the highest energy point (bottom part of FIG. 4) . No difference in the energy dependence of y + 36 for the two fine structure components was detected. The agreement between prediction and experiment is not quite as good as for Ar 1s and Kr 2s. At the lower energies the experimental data points are slightly, yet systematically lower than both of the theoretical predictions. For Kr 2p, too, backward directed nondipolar asymmetries are detected towards threshold and steadily rising positive values for increasing energies. Expressions similar to Eq.(i') for both -/ and S are given in Ref. [13] . Many more transition elements and phase differences have to be taken into account for the partial waves occurring in conjunction with the ionization from p or higher-l subshells. It is an interesting observation that the two theoretical predictions agree closely in their result of 7 + 35, even though they obtain somewhat different results for y and 6. For further tests of the theory, future experiments will have to make provisions that enable separate determinations of all three angular distribution parameters p, 7,s.
OUTLOOK
As intense tunable x-ray beams ranging from 1-100 keV in energy are currently becoming available at third-generation synchrotron radiation sources in Europe, the United States, and Japan, the study of nondipole effects and their inclusion in the interpretation of photoionization data will increasingly become part of data acquisition and analysis. The nondipolar asymmetries reported in this paper, particularly in the cases of ionization from s subshells, are representative of rather straight-forward physical systems and hence the validity of nonrelativistic central-field descriptions has to some extent been expected. Just as for determinations of the , O parameter in the electric-dipole interaction, it is the less straight-forward situations. for which represent interesting subjects for future experimental and theoretical investigations. The information derived from the electric-quadrupole interaction is complementary to that obtained from electric-dipole interaction. because the atomic wavefunction is probed in a different way. In addition, relativistic effects gain importance in studies with higher-2 elements and higher x-ray energies. Even at relatively low photon energies the effect of the electric-quadrupole interaction should be observable when, e.g., in a resonance, the electric-dipole amplitude is strongly suppressed or the electric-quadrupole amplitude strongly enhanced. Such experiments, be it at high photon energies where the photoionization cross section decreases or in cases where the dominant electric-dipole contribution is suppressed, will be faced with the problem of very low counting rates. Progress in this field will therefore strongly profit from instrumental developments which increase the efficiency in angular distribution measurements.
